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i overview

«"»  What is few-body physics ?
Why are we doing it ?

Why polarization physics ?
What do we need to measure ?

What can we learn from the effects in 2, 3, 4N-systems ?
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Few-Boay Physics

What is few-body physics ?

Oldest Few-Body Problem :
Sun-Earth-Moon

M.Gutzwiller, Rev. Mod. Phys. 70 (1998) 589

1889: Poincaré discovered mathematical chaos

,Few-Body Physics means to calculate observables for a system of
few interacting particles exactly or almost exactly”

,—> solve the equations without approximation or
as few well controlled approximations as possible.”

Few means the largest number of particles you can treat in this manner
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Few-Boay Physics

How Many is Few in Few-Nucleon Physics ?

Discrete states (bound and excited states)

A=23 — exactly on PC
A=4 — exactly on supercomputer

A=50, ...,8(9,10) —» on supercomputer with GFMC

Continuum states (scattering observables)

A=2 — exactlyon PC
A=3 — exactly on supercomputer
A=4 — approximately on supercomputer

Few-Body Experiments A. Imig



T ;}iﬁ :

> 4\-system

A=10: 10000
processor hours
for one state

S. Pieper etal.,
Nucl. Phys. A 751 (2005) 516
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Argonne vy
With Illinois-2
GEMC Calculations

12C TL2 result is

oreliminary.
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St 2IN' & 3IN-system

Why are we investigating this?
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i

2IN & 3IN-system

Wealth of
NN scattering data

1960 Faddeev Theory

1935 Yukawa’s
Meson Theory

1990’s
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i 2IN & 3IN-system

Why are we investigating this?

3N system largest to be solved exactly
Smallest system where to learn about 3NFs

Potential- *H-Bindungsenergie
Modelle (MeV)
CD-Bonn 8,00
Argonne-18 7,62 | 2NF
Nijmegen Il 7,62

CD-Bonn + TM 8,48
Argonne-18 + TM 8,48
Argonne-18 4+ TM99 8,45
Argonne-18 4+ Urb-1X 8,48
Experiment 8.48

Few-Body Experiments A. Imig



/Yy polarization paysics ...

Mler’s SEE W WE COULD PUTA SPIN ON T
AND GET THe PUBLIC INTERESTED.®
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... many. observanles

Zero-Spin observable o)

Spin 1 — Spin % transfer :

One-Spin observables A, As AL Ay

Two-Spin observables K{, KX, KX, K%, KZ

' Y WY y ' '
Ko K, Ko, K Koz Kiyr K3,

Xy? 'Nyzr PT¥xzr TMxx-yyr Thzzo M xy?
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*”’ﬁ )” Even the old' Romans Knew. ...

unpolarized

Considerably more information NQ%?N
about nuclear forces crerEmeaneerEnan-
?
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o
Ny Polarization

Spin %2 : Polarization determination

Setup with Two-Detector-System:

L= nON,04Q IET(%) (1+p )

0
R - nDNADAQRDED(d ) (1- )
Polarization states: t, L, "
L' R
c SANL IR

- Vector polarization: P, = )\ ﬁg_:ll
y
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k. Polarization

Spin 1 : Polarization determination

Setup with 5-Detector-System
Polarization states: ~ Nj, N4, N_

With N, + N +N_=1

Vector polarization:

Tensor polarization:
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- Polarization

Essential for polarization experiments:

-

Polarized beams

: Polarimeters to determine the polarization

Beams are polarized by nuclear reaction

or

Polarized ion sources W. Haeberli, Ann. Rev. Nucl. Sci. 17 (1967) 373
Cologne:
“++ Lambshift Source V. Bechtold, NIM 150 (1978) 407
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NyL Polarization

-#» Beam polarimeters
SHe(d,p)*He
*He(p,p)*He
*He (d.d)“He

Transfer polarimeters
‘He(p,p)*He
12C(p’p)12C
28Si (p,p) 2SI

3He (d : p) ‘He L. Sydow, S. Vohl etal., Few-Body Systems 25 (1998) 133

L. Sydow etal., Nucl. Phys. A567 (1994) 55

A.l. etal., Phys. Rev. C 73 (2006) 024001

R. Engels etal.,
Rev. Sci. Instr. 74 (2003) 4607

% Lambshift polarimeter
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L 7\ | ExB L
| on Source i(_@a-é \’ Beam polarizations:
b+ ! - Spin = 70-75% of theo. values

vector & , l Rotator
tensord -\ R

R A S 90° — Analyzin
i ( 777 QI{?Q{HPOIGE,, magt{at i

lens Ionivac

Magnet—
Vacuum  steerer |
valve 5

Accelerator hall

Setup for the low- I =
Control desk energy experiments Tandem Van de i“
tandem accelerator i \
Graaff accelerator Wl
H aators = ' .1'-??; a\‘mﬂ 1

“ " orTEC . Beam Line

N — . - 2800 | .
I Analyzing— | N S Polarimeters
system ‘He—

Polarimeter 7.
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Wik 3IN-system

@ low energies :

elastic pd scattering

H. Arenhovel etal.,  A. Kievsky etal., Phys. Rev. C 63 (2001) 024005
nucl-th/ 0412039

o exp (2001)

— AVI8
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Ny 3IN-system

@ RIKEN

0.m (deg) 0., (deg)

K. Sekiguchi etal., PRC 65 (2002) 034003
K. Sekiguchi etal., PRC 70 (2004)
014001
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. AN-system

Many experimental challenges in determination of PTCs
but also theoretically...

,Max und Moritz* by W. Busch

A = 4 system as laboratory

Test other dynamical aspects of NN potentials than A =2, 3

Nt

New, yet not solved, problems
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Wyt 4IN-system

Complexity of the 4N-system

dnn

dnp
dpp

dd

n°H

- n’He
n’He .* :
p°H

R. Lazauskas, Few-Body Systems 34 (2004) 105
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Ry D+D fusion

Few-Body reactions of astrophysical relevance:
ptp—od+et+y,
p+°He — “*He +e* + v,

“H(p.y)’He

Especially:
d+D - p+°3H
d+D - n+3He
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N D+D fusion

Big Bang-Nucleosynthesis

Deuterium is Time (seconds)

@
18]
E
m
2
k=]
=
=2
=
=
®
.

Astrophys. J. 148 (1967) 3
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WYL D+D fusion

Big Bang-Nucleosynthesis
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:., ,f’ If: D+D fusion

d+ T - n+*He Q =17.58 MeV
d+3He - p+“He Q =18.35 MeV

Fusion reactor ITER, France

P ¢+D - n+He

with polarized particles:

T
. |

'y
‘,'%
] i T

%+ increase of the reaction rate
%+ decrease of the neutron production
$ reduction of costs

S
I
r
I
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»
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T ;;ff :

D+Difusion

Quintet suppression factor

__ Hofmann et al.

—

~

- Uzu (4 body Fadd.-Yakub.)

- - \
Zhang et gl SRy - — .
Liu et al. (DWBA)

H. Paetz gen. Schieck etal., Phys. Lett B276 (1992) 290
S. Lemaitre etal., Ann. Physik 2 (1993) 503
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WYL D+D fusion

d+D - p+°H Important: cross sections
d+D - n+3He

Precision measurements @ TUNL

ontinuous parametrization. | |
fit to world data.

[al
=
[@]

00 200 300 400 500 600 O 100 200 300 400 500 600 700

D. Leonard etal., PRC 73 (2006) 04580 1 | E, (keV) E, (keV)
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it D+D fusion

One-spin observables: Analyzing powers

Many experiments @ very low energies

B. Becker etal., Few-Body Systems 13 (1992) 19

Until 2001:

No two-spin observables < 6 MeV

Few-Body Experiments A. Imig



D+Difusion

ASTRID @ 58 keV

A measurement of Spin-TRansfer coefficients
In the fusion reaction D(d,p)3H

A.l. etal., Phys. Rev. C 73 (2006) 024001
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Cross section

. Zero-Spin Observable

| |
1200 1400

80 100
Energy [keV]
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Polarization

Two-Spin Observables ?
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Double scattering

Two-spin observables: Polarization transfer coefficients (PTCs)

proton

neutron
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Double scattering

= |[ow count rate

" thick targets
R large solid angles of detectors
| entrance aperture in front of polarimeter

' attenuation of A,
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transter polarimeter

Analyzer depends on energy range

: .. A2 0do
figure of merit Ay - H " Ho

protons @ E,=3-4 MeV:
Si(2.P)Si

detectors: © = 55°
0 = 135°

entrance aperture
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calibration

proton energy range
according to

D(AP)’H @ E,=58keV :

3.18 MeV < E, < 3.31 MeV o = 0 O
Goldfolie

proton beam was directly injected

2

Monitor

simulating the analyzing reaction:
| spreading the beam by gold foil
| straggling for covering whole entrance aperture

Few-Body Experiments A. Imig



calibration

At bbb oionadyhy ,mt»wmm{'w"“"

600 800 1000 1200
channel

200 400 600 800 1000 1200
channel

forward backward
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calibration

polarimeter 1

250
channel
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Double scattering

Results of the calibration: Polarimeter 1

Polarimeter 2

Efficiency of the polarimeters

3-4 -10°
Other polarimeters :
Al (2001) 23] 3.8 110 Diplomarbeit
Katabuchi (2001) 23] 9.7 105 Phys. Rev. C 64 (2001) 047601
Sydow  (1992) 12C 3.4 10°
\Vohl (1995) ‘He 1.4 106

Few-Body Experiments A. Imig



Double scattering

Targets : polarizer reaction

high deuterium loss under bombardment

high energy deposition [RGERElEREIEE

insufficient thermal stability at low energy

keV

energy loss: E,= 50 keV - % = 750 mgm
alternative: -9 = 330 o

Nucl. Instr. & Meth. 8 (1960) 173
cooling trap with liquid nitrogen
- {0 avoid carbon build up
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Dounle scattering

Targets : analyzer reaction

Effects of the crystal structure in Silicon

Difference only 6, = 10°

Unpolarized beam —
200 250 should be symmetric!

channel
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Double scattering

Isolating

transformers "

Vorsicht!

Hochspannung
| | - e ‘ I scattering
Einzel lens - ? — ] cuum | . ‘ chamber

Magne‘t(
steerer

Cooling
trap
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Double scattering

g Analysator: Silizium
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Double scattering

1000
channel

separation of °*H and *He by Hostaphan foil
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Double scattering

spectrum after second reaction

Where are the protons ?

1000
channel
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Double scattering

spectrum after second reaction

polarimeter 1 polarimeter 2

Nl H I nh mmwlul“

100 150 200 250 300 350 400 250
channel channel
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Analysis

Determination of PTC

pure vector polarization K;// =

Kﬁ ~0.126 % 0.186
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Analysis

comparison: experiment — experiment
Katabuchi incident energy : E,=9%0keV,0=0°

mean reaction energy : -  (dp) 90keV
. (d,p) 10 keV
E. =68 keV
A.l. E, =78 keV
E. =58 keV
0 = 45°

Fit over world data set with reaction matrix elements
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Analysis

comparison: experiment — theory

A.l. etal., Phys. Rev. C 73 (2006) 024001
T. Katabuchi etal., Phys. Rev. C 64 (2001) 047601

calculations by Uzu
with and without Coulomb modifications

E. Uzu, arXiv: nucl-th/0210026 (2002)

Which could be the correct one ?
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Analysis

Reaction-matrix analysis — predictions for all observables
New calculations are coming

O. Geiger etal., Nucl. Phys. A 586 (1995) 140
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Wi 4N — Spin correlation

More Two-spin observables: Spin correlation parameters

—>
3H e(p’ p)BHe T. Daniels etal., PhD thesis, in preparation

Phase-shift analysis below
12 MeV gives two solutions

E. George, L. Knutson, PRC 67, 027001 (2003)

Two-spin observables

0 45 90 135 180 ‘ 0 45 80 135 180 I '
0 e 0 ) needed to clarify !

Additional challenges with polarized *He target ...

Few-Body Experiments A. Imig



Ay

W Spin-Exchange Optical Purrping (SEOP)

Schematic of method

B, = 30 Gauss
50 to 100 Watt

IR laser light | 1

I [

! I | circularly

' | polarized light
[ [
| |

collimating A4

lens plate Oven (~ 180° C)

T. Walker, W. Happer, Rev. Mod. Phys. 69, 629 (1997)
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vk Spin-Exchange Collisions

laser
',.. “‘o
’0.. “0
0‘ .. ) .
- S Fermi-contact hyperfine
o », interaction

. Y

.

““l Q.

anst® ‘e
A“-- ..
Y
o
Y
Y.
4,
v,
s

* Works best for 1 =" noble gases (*He
S and Xe).

* Takes hours to polarize *He; minutes for @
129Xe_

* Works at cell pressures of up to ~ 10
atmospheres
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Polarizing °He.- Filling the Bucket

! r.. = [Rb] L&y v[]
. yse

100%~

z"u
Polarization

0%=

r1=f_ T, is usually dominated by
Relaxation wall interactions. ..
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SEOP
Polarizer \&\¢
(8 ATMOP N7
cell inside) -

/ target inside
' sine-theta coil

60 W fiber-
coupled 7~ B== _
diode laser ",

Polarized 3He
dispense tube

T. Katabuchi etal., Rev. Sci. Instrum. 76, 033503 (2005)
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Absolute °He. Polarimetry

* Pyrex glass cell with Kapton windows
* 3He pressure ~1 ATM; P ~25 to 30%

*  NMR to monitor *He target polarization
: * (Calibrate NMR by “He + 3He scattering
= S * Polarization 1/e lifetime ~ 2 hrs

7 Gauss
B-Field

>
-
=
V]
—
=
=
=
=
N
vl U
£
<r|
&)
n

100 200 300 400
NMR Amplitude (mV)
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L Analysis

Preliminary results for E; = 3.16 MeV

T. Daniels, Al, etal., PhD thesis, in preparation

Data of Fisher used for normalization

@ New

[ Fisher
A George1
\ 4 George2
- ~AvVi8

— AV18+URIX

E. George, L. Knutson, PRC 67, 027001 (2003)

80 100
B. Fisher etal., PRC 74, 034001 (2006)

cm angle (deg)
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Analysis

@® New
A George1
v George2
- = AV18

— AV18+URIX
80 100 120 : :

cm angle (deg)

Preliminary results for
E =3.16 MeV

New

George2
* AV18
—— AV18+URIX

80 100 120 140 160

&
A Georgel
v

cm angle (deg)

Few-Body Experiments

A. Imig



. Analysis

Preliminary results for E; = 3.16 MeV

Corrections are still to be made for systematic errors:
Magnetic field shifts the proton beam

@ New

A George1

\4 George2

- ~AV18

— AV18+URIX

60 80 100 120 140

cm angle (deg)
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summary Wit

@ New

A Georget

\{ George2

-~ AVi8

—— AV18+URIX
100 ™ 5
cm angle (deg)

Further progress in theory is needed !
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